Introduction {#Sec1}
============

Six extraocular muscles (EOMs) and peripheral orbital suspension tissues control eye movement. The six EOMs include the lateral rectus (LR), medial rectus (MR), superior rectus (SR), inferior rectus (IR), superior oblique (SO), and inferior oblique (IO). Orbital suspension tissues or passive orbital tissues include all nonmuscular suspensory tissues, such as Tenon's capsule, the optic nerve, the fat pad, and the conjunctive \[[@CR1]\]. The resistance and stiffness of orbital suspension tissues are essential for eye movement modeling \[[@CR2]\]. The normal life of humans is seriously affected by eye movement disorders, in which only the incidence of the strabismus is up to 3--4% \[[@CR3]\]. The treatment of strabismus is based on EOM surgery. In addition, the accuracy of the surgical amount of EOMs is the key to successful EOM surgery. At present, ophthalmologists generally used their own experience to determine the surgical amount of EOMs \[[@CR4]\]. This method lacks unified guiding standards, and the accuracy of the operation is difficult to master. An eye movement model determining the surgical amount of EOMs has great theoretical value and clinical significance for the individualized design of the surgical amount of EOM diseases, such as strabismus. The precise eye movement model can not only provide accurate theoretical guidance to increase the precision of the clinical EOM surgical amount but also promotes the development of ocular prosthesis, a humanoid robot, and other modeling software, such as the biomechanical simulation software called Anybody \[[@CR2]\].

In recent years, many eye movement models have been developed \[[@CR1], [@CR5]--[@CR13]\]. Eye movement modeling depends on the mechanical properties of six EOMs and those of the peripheral orbital suspension tissues. Current studies mainly focus on EOMs, while the study of orbital tissue is not precise enough. In the famous Orbit™ 1.8 gaze mechanics simulation, orbital suspension tissues were modeled as a homogeneous spring that exerts a recentering force \[[@CR7]--[@CR9]\]. Priamikov et al. presented two eye movement models and integrated them into the available musculoskeletal models \[[@CR1]\]. Iskander et al. introduced OpenEyeSim as a platform for developing models of eye movement control in the perception--action cycle \[[@CR2]\]. The stiffness of the above models established by Priamikov (5 mN/°) and by Iskander (4.8 mN/°) came from the experimental data of Robinson et al. in whose experiment the stiffness of orbital suspension tissues was obtained during horizontal eye rotation with both horizontal recti detached \[[@CR5]\]. In our previous models, orbital suspension tissues were also greatly simplified to an integrated resistance moment \[[@CR14], [@CR15]\]. It is generally believed that the resistance moment is linear to the angle of the eyeball and that the coefficient is the limiting stiffness of orbital suspension tissues. For stiffness, existing data range from 1 to 10 mN/° \[[@CR1], [@CR2], [@CR5]--[@CR9]\], and there is not a unified reference. To date, the accuracy of eye movement models is not high enough because the influence of EOMs on orbital suspension tissues has not been excluded in previous experimental studies on orbital suspension tissues \[[@CR5], [@CR16]--[@CR18]\].

The resistance and stiffness of orbital suspension tissues with four or six EOMs attached to the eyeball has been studied by different investigators using in vivo experiments \[[@CR5], [@CR16]--[@CR18]\]. In previous studies, investigators studied the resistance and stiffness of orbital suspension tissues without excluding the effect of EOMs, possibly because of the complex anatomy and ethical limitations. The mechanical behavior of orbital suspension tissues without EOMs is absolutely necessary to establish an accurate eye movement model because modeling studies have shown that orbital suspension tissues play an indispensable role in supporting the eyeball and stabilizing the movement path of EOMs during eye movement \[[@CR2], [@CR19], [@CR20]\]. Only a few works in the literature have reported on the differences in the resistance and stiffness of orbital suspension tissues, whether synthetically considering EOMs or not. The present work aims to study the resistance and stiffness of orbital suspension tissues with or without EOMs using an animal experiment in vivo.

Rabbits are usually used as experimental animals in basic experiments. The body of a rabbit is small, and its eyeball is relatively large. The rabbit orbit is remarkably more complete in comparison with that of many other lower animals, although the rabbit orbit is not better than the human orbit from an evolutionary perspective, and little fat is present in the rabbit orbit except for small masses attached to glands and muscles \[[@CR21]\]. Although the anatomy of the rabbit orbit is not the same as that of the human orbit, human and rabbit eyes have numerous common characteristics, such as the eye movements of rabbits and of humans being controlled by six EOMs and orbital suspension tissues \[[@CR21]\]. In this study, New Zealand white (NZW) rabbits were selected as an experimental animal model. The resistance and stiffness of orbital suspension tissues with four EOMs were compared with those without EOMs, and the differences were researched. Then, the influence of the EOMs on orbital suspension tissues was clarified and it can be used to improve the accuracy of eye movement model. The results of this study may provide a reference for further investigations of human orbital tissues.

Materials and methods {#Sec2}
=====================

Animals and anesthesia {#Sec3}
----------------------

The in vivo experiments were conducted according to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the use of Animals in Ophthalmic and Vision Research. Without considering gender, fifteen healthy adult New Zealand white (NZW) rabbits (2.41 ± 0.13 kg) were used in the experiment. Prior to the experiment, rabbits were under general anesthesia. Rabbits were intraperitoneally injected with 35 ml of a chloral hydrate mixture (provided by Bethune International Peace Hospital of PLA). If a rabbit woke up on the lab bench, another 5 ml of the chloral hydrate mixture was reinjected. During the experiment, Alcaine (2 drops/min) was applied to the tested eyeball to keep the rabbit eye moist.

Experimental design {#Sec4}
-------------------

The fifteen rabbits were marked as no. 1--15. The resistance of the orbital tissues of rabbit no. 1 was not considered due to the corresponding EOMs being damaged during surgery. The experiment included four cases: (1) the two horizontal recti (LR and MR) were detached from the left eye; (2) six EOMs were detached from the left eye; (3) the two vertical recti (SR and IR) were detached from the right eye; and (4) six EOMs were detached from the right eye. During the experiment, the left eye was moved horizontally in the horizontal recti acting plane. The right eye was moved vertically in the vertical recti acting plane.

Experimental procedures {#Sec5}
-----------------------

Prior to mechanical testing, a rabbit was operated on while under general anesthesia and on a test-bed (Fig. [1](#Fig1){ref-type="fig"}). The blepharostat was used to uncover the conjunctiva and fascia from the EOMs, and then, the insertions of six EOMs were exposed. The two horizontal recti (i.e., LR and MR) of the left eye were detached from the insertions on the eyeball. Then, two 5-0 silk sutures were seamed to the residual insertions on the isolated eyeball. After the operation, the height of the test-bed was adjusted to match the posture of the rabbit to upturn the corneal center.Fig. 1Experimental setup. **a** Picture of real products; **b** schematic diagram

As shown in Fig. [1](#Fig1){ref-type="fig"}, the height of the corneal center was ascertained to be at the same level as the lowest point of the pulley, and then, the suture was tangentially seamed to the eyeball. The free end of the suture was fixed to the upper clamp of the tester. The resistance of the orbital suspension tissues was determined by a tester (Instron 5544, Instron Co. Ltd., Norwood, Colorado, USA) with a 5.0 N full scale load cell (accuracy 2‰). A set of data was produced every 0.1 s, and approximately 650 sets of data were obtained for each sample. The stretching velocity was set as 5 mm/min, which is equivalent to the eyeball rotating with an angular velocity of 0.5 °/s. However, the angular velocity of both fixations and rapid eye movements can be up to 900 °/s \[[@CR12]\]. The test was stopped when the tensile displacement reached 5 mm with the rabbit eyeball rotated nearly 30° within the physiological range \[[@CR17]\]. After unloading, the other four EOMs were detached from the left eye and the two seamed sutures were reserved. The similar tensile test was re-employed on the two sutures. The corresponding data of the load (N) and the displacement (mm) were recorded by a computer.

After the operation of the left eye was completed, the right eye was operated on. Two vertical recti (i.e., SR and IR) were detached from the insertions on the eyeball, and then, two 5-0 silk sutures were seamed to the stumps of the eyeball. The remaining operation steps for the right eye were according to those that were used for the left eye. The difference was that the left eye moved horizontally while the right eye moved vertically during the tensile test. After the tensile test, the size of the eyeball was measured by a triangular ruler and a camera in vitro. Image-Pro 5.1.2C was used to read the size of the eyeball in three dimensions.

Statistical analysis {#Sec6}
--------------------

All results were reported as mean ± standard deviation and statistically performed by using SPSS v.17.0 software and one-way analysis of variance (ANOVA) analysis. A *P* value \< 0.05 was considered to indicate a statistically significant difference.

Results {#Sec7}
=======

Eyeball size {#Sec8}
------------

During the tensile test, the displacement of the suture was equal to the arc length of eye rotation. The radius of the left eyeball in the *x*O*z* plane (Fig. [2](#Fig2){ref-type="fig"}) was the mean value of the radii between the *x*- and *z*-axes, i.e., *r *= (*x* + *z*)/2 (Table [1](#Tab1){ref-type="table"}). The radius of the right eyeball in the *y*O*z* plane (Fig. [2](#Fig2){ref-type="fig"}) was the mean value between the radii along the *y*- and *z*-axes, i.e., *r* = (*y* + *z*)/2 (Table [1](#Tab1){ref-type="table"}). The relationship between the arc length and angle of eye rotation is as follows:$$\documentclass[12pt]{minimal}
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Resistance of orbital suspension tissues {#Sec9}
----------------------------------------

When the left eye rotated horizontally, with LR and MR detached, the orbital suspension tissues mainly resisted the external force driving the eye movement, and the other four EOMs played a small role. The eye position--resistance relationships of the orbital suspension tissues with the left eye of rabbit nos. 2--15 rotated horizontally are shown in Fig. [3](#Fig3){ref-type="fig"}a. The statistical differences in the resistances of orbital suspension tissues between when the two horizontal EOMs were detached (HMD) and when all EOMs were detached (AMD) are shown in Fig. [3](#Fig3){ref-type="fig"}b. The statistical differences refer to the differences in the resistances between these two cases when the eyes were located in different eye positions. At each certain eye position (such as the position that the eye rotates an arc of 1 mm horizontally), the resistances (14 sample values) of HMD were compared with the resistances (14 sample values) of AMD. The statistical difference is represented by a *P* value. The resistances of HMD were not significantly different (*P* \> 0.05) from those of AMD. When the eye was rotated temporally (abducted) from 0° (*s* = 0 mm) to 31.55° (*s* = 5 mm), the resistance of HMD increased almost linearly from 0 to 55.81 mN and the resistance of AMD increased almost linearly from 0 to 48.06 mN. When the eye was rotated nasally (adducted) from 0° (*s *= 0 mm) to 31.55° (*s* = 5 mm), the resistance of HMD increased almost linearly from 0 to 44.08 mN and that of AMD increased almost linearly from 0 to 34.95 mN (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3Comparison of the resistance in orbital suspension tissues with the left eyes of rabbit nos. 2--15 rotating horizontally (LRH) between the two cases \[the two horizontal muscles are detached (HMD) in the first case, whereas all EOMs are detached (AMD) in the second case\]. **a** Eye position--resistance relationship. **b** Statistical differences in the resistances of orbital suspension tissues between the two cases

When the right eye was rotated vertically, with SR and IR detached, the orbital suspension tissues primarily resisted the external force driving the eye movement, which was contrary to the small role of the other four EOMs. The eye position--resistance relationships of the orbital suspension tissues with the right eyes of rabbit nos. 2--15 rotated vertically are shown in Fig. [4](#Fig4){ref-type="fig"}a. The statistical differences in the resistances of the orbital suspension tissues between the case of the two vertical EOMs detached (VMD) and that of AMD are shown in Fig. [4](#Fig4){ref-type="fig"}b. The statistical differences represent the differences of resistances between these two cases when the eye was located in different eye positions. At each certain eye position (such as the position at which the eye rotated an arc of 1 mm vertically), the resistances (14 sample values) of VMD were compared with the resistances (14 sample values) of AMD. Statistically significant differences are represented by a *P* value. The resistances (Fig. [4](#Fig4){ref-type="fig"}b) of VMD and those of AMD were not significantly different (*P *\> 0.05). When the eye was rotated upward from 0° (*s* = 0 mm) to 31.83° (*s* = 5 mm), the resistance of VMD increased almost linearly from 0 to 39.64 mN and that of group AMD increased almost linearly from 0 to 35.85 mN. When the eye was rotated downward from 0° (*s* = 0 mm) to 31.83° (*s* = 5 mm), the resistance of the VMD increased almost linearly from 0 to 38.76 mN and that of AMD increased almost linearly from 0 to 43.22 mN.Fig. 4Comparison of the resistance of the orbital suspension tissues of the right eyes of rabbits nos. 2--15 rotating vertically (RRV) between two cases \[the two vertical muscles are detached (VMD) in the first case, whereas all EOMs are detached (AMD) in the second case\]. **a** Eye position--resistance relationship. **b** Statistical differences in the resistances of orbital suspension tissues between the two cases

Stiffness of orbital suspension tissues {#Sec10}
---------------------------------------

The resistance of orbital suspension tissues varied almost linearly with the eye rotation (Figs. [3](#Fig3){ref-type="fig"}a, [4](#Fig4){ref-type="fig"}a). Therefore, the stiffness of each sample of orbital suspension tissue was obtained by linear fitting the data of the eye position--resistance of each sample for rabbit nos. 2--15 in eight different cases, and the *P* values of the linear fitting were nearly zero. The mean ± standard deviations for the stiffness are presented in Table [2](#Tab2){ref-type="table"}. The mean values of the stiffness vary within the range of 1--1.7 mN/°. The statistical analysis of the stiffness was obtained by comparing the stiffness of orbital suspension tissues with EOMs and those without EOMs (Table [2](#Tab2){ref-type="table"}). The comparative results of the stiffness show that they are significantly different between orbital suspension tissues with EOMs and those without EOMs (Fig. [5](#Fig5){ref-type="fig"}). The stiffness of orbital suspension tissues with EOMs statistically differed from those without EOMs when the left eye rotated temporally (LRT) (*P *= 0.022). The stiffness of orbital suspension tissues with EOMs was significantly different from those without EOMs when the left eye rotated nasally (LRN) (*P *= 0.004), the right eye rotated upward (RRU) (*P *= 0), and the right eye rotated downward (RRD) (*P* = 0.004).Table 2Stiffness of the orbital suspension tissues of rabbit nos. 2--15Sample noLRT-HMD (mN/°)LRT-AMD (mN/°)LRN-HMD (mN/°)LRN-AMD (mN/°)RRU-VMD (mN/°)RRU-AMD (mN/°)RRD-VMD (mN/°)RRD-AMD (mN/°)22.473.223.711.781.651.602.691.4632.991.491.311.020.660.450.961.2642.071.481.001.041.291.330.720.9951.231.031.901.912.611.802.172.7961.891.481.240.990.870.700.780.9572.042.922.922.101.151.220.761.4081.251.511.391.091.020.761.141.7591.911.410.530.361.331.050.690.98101.331.030.860.771.141.080.981.00110.881.220.380.881.221.301.622.10121.281.621.591.100.690.910.641.04131.370.691.091.331.341.101.171.01141.011.140.550.920.520.760.930.98151.871.181.551.150.850.860.930.83M ± S1.69 ± 0.601.53 ± 0.701.43 ± 0.921.17 ± 0.471.17 ± 0.521.07 ± 0.371.16 ± 0.601.32 ± 0.55LRT, left eye rotating temporally; LRN, left eye rotating nasally; HMD, two horizontal EOMs detached; AMD, all EOMs detached; RRU, right eye rotating upward; RRD, right eye rotating downward; VMD, two vertical EOMs detached; and AMD, all EOMs detached; M ± S denotes the mean ± standard deviation Fig. 5Statistical analysis of the stiffness between orbital suspension tissues with EOMs and without EOMs. LRT, the left eye rotating temporally; LRN, the left eye rotating nasally; RRU, the right eye rotating upward; RRD, the right eye rotating downward. \*Denotes statistical differences (*P *\< 0.05), and \*\*denotes significant statistical differences (*P *\< 0.01)

Discussion {#Sec11}
==========

The resistance and stiffness of orbital suspension tissues are essential for accurate eye movement modeling. The influence of extraocular muscles on the resistance and stiffness of orbital suspension tissues was studied by using 15 NZW rabbits in this work. There is no significant difference between the resistance of orbital suspension tissues with four EOMs and those without EOMs (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). This result shows that the two horizontal/vertical recti play major roles in horizontal/vertical eye movement, consistent with the function of the EOMs \[[@CR12]\]. According to the function of each extraocular muscle, the LR and MR share a common horizontal plane. Contractions of these two muscles produce horizontal eye movements. In other words, the other four extraocular muscles (i.e., SR, IR, SO, and IO) play a small role in the horizontal eye movement. The SR and IR muscles form the vertical agonist--antagonist pair, which mainly controls vertical eye movement \[[@CR12]\]. In addition, the other four extraocular muscles (i.e., LR, MR, SO, IO) only play a small role in vertical eye movement. The objective of this study was to determine the influence of EOMs on the resistance and stiffness of orbital suspension tissues and to lay a foundation for accurate eye movement modeling.

The resistance and stiffness of orbital suspension tissues, which include six EOMs or four EOMs, have been reported in previous experimental studies \[[@CR5], [@CR16]--[@CR18]\]. In this experiment, the stiffness of orbital suspension tissues in eight cases of eye movement was determined and is shown in Table [2](#Tab2){ref-type="table"}. A summary of stiffness of the orbital suspension tissues is presented in Table [3](#Tab3){ref-type="table"} \[[@CR16], [@CR17], [@CR22], [@CR23]\]. In this work, the maximum resistance of orbital suspension tissues without EOMs was 48.06 mN when the left eye rotated horizontally and was 43.22 mN when right eye rotated vertically, (Figs. [3](#Fig3){ref-type="fig"}a and [4](#Fig4){ref-type="fig"}a, respectively). The corresponding results show that orbital suspension tissues without EOMs played an important role in eye movement, and this finding is consistent with previous experimental results \[[@CR19], [@CR20], [@CR24], [@CR25]\]. In eye movement modeling, the action of orbital suspension tissues is simplified to a comprehensive effect, namely, a total resistance moment. It is generally believed that the resistance moment is proportional to the angle of the eyeball and that the proportional coefficient is the stiffness of the orbital suspension tissues. In the existing model, the stiffness of orbital suspension tissues with EOMs was measured \[[@CR5], [@CR16]--[@CR18]\]. Because of a lack of experimental data, such inaccurate stiffness data have to be used in modeling \[[@CR2], [@CR16], [@CR17], [@CR19], [@CR26]\]. However, we found that there was a significant difference between the stiffness of orbital suspension tissues with EOMs and those without EOMs (Fig. [5](#Fig5){ref-type="fig"}). Therefore, the stiffness data with EOMs cannot be used to establish the eye movement model directly.Table 3Comparison between different stiffness of the orbital suspension tissues in the literature and this workExperimentDescriptionStiffness (mN/°)EOMsCollins \[[@CR16]\]In primary innervation when the eye rotated nasally from 0° to 45° (human)4.91With LR and MR detachedIn primary innervation when the eye rotated temporally from 0° to 45° (human)9.82With LR and MR detachedCollins et al. \[[@CR17]\]The eye rotated with a nasal innervation of 30° (human)10.30With all EOMs attachedThe eye rotated with a temporal innervation of 30° (human)9.22With all EOMs attachedScott \[[@CR22]\]The eye had a horizontal eye movement of 40° (human)4.91With the LR and MR detachedBarmack \[[@CR23]\]The eye moved horizontally or vertically to 35° (rabbit)1.08 ± 0.29With six EOMs attachedThis workThe eye rotated temporally from 0° to 31.55° (rabbit)1.69 ± 0.60With LR and MR detached1.53 ± 0.70With all EOMs detachedThe eye rotated nasally from 0° to 31.55° (rabbit)1.43 ± 0.92With LR and MR detached1.17 ± 0.47With all EOMs detachedThe eye rotated upward from 0° to 31.83° (rabbit)1.17 ± 0.52With SR and IR detached1.07 ± 0.37With all EOMs detachedThe eye rotated downward from 0° to 31.83° (rabbit)1.16 ± 0.60With SR and IR detached1.32 ± 0.55With all EOMs detached

Stiffness was significantly different in the two tested conditions, but resistance was not, possibly because resistance is determined by data points and stiffness is determined by the slope of the straight line of the linear fit of the corresponding resistance data points. Stiffness data can be directly used in eye movement modeling. A limitation of this study is the individual differences among the NZW rabbits, which may have led to some errors in the results. Another limitation of this study is the effects of the small pulley on the experimental setup. In this experiment, the tension of the suture varied over a small range so that the friction of the small pulley also varied over a small range. Eliminating the effects of uniform friction is challenging. The resistance of the pulley was ignored in the load results during the test. In addition, the stiffness value is not a constitutive property of any particular biological material but is only a gross lumped parameter that is operationally defined and is suitable for only certain types of ocular motor models. This work only lays a foundation for studying the effect of human orbital suspension tissues.

Conclusions {#Sec12}
===========

In summary, the two horizontal recti and the two vertical recti play important roles in passive horizontal eye movement and in passive vertical eye movement, respectively. We determined the influence of the EOMs on orbital suspension tissues. In addition, we discovered that the stiffness of orbital suspension tissues with EOMs was not appropriate for use in the horizontal and vertical eye movement model. We need to further study whether the stiffness of orbital suspension tissues without EOMs can be replaced by the stiffness of orbital suspension tissues with EOMs in other types of eye movement. The next phase of our research will establish an eye movement model using the stiffness of orbital suspension tissues without EOMs. These results will provide further theoretical guidance for the precise determination of the surgical amount of EOMs.
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